We report the inf luence of photonic stopgaps on two-photon excited emission from highly efficient nonlinear chromophores infiltrated into high-quality photonic crystals. We have observed a sharp decrease (filter effect) in emission within the frequency range and direction of the stopgap as well as sharp enhancement of the two-photon excited emission associated with the stopgap's edge. This effect may be important for the development of low-threshold upconversion lasers. © 2002 Optical Society of America OCIS codes: 190.7220, 190.4400. Three-dimensional periodic dielectric structures in which the refractive index varies on length scales of the order of optical wavelengths have recently attracted much theoretical and experimental attention.
Three-dimensional periodic dielectric structures in which the refractive index varies on length scales of the order of optical wavelengths have recently attracted much theoretical and experimental attention. 1 -3 An especially interesting class of such structures are photonic bandgap crystals. For the range of frequencies def ined by the photonic bandgap, no light can propagate through the crystal in any direction. Instead, light in this frequency range is localized. 4 -6 This localization has a significant effect on the spontaneous emission of excited molecules placed inside the photonic crystal. 7, 8 If the transition frequency of excited molecules is adjusted to the frequency range of the gap, spontaneous emission of light into unwanted modes can be completely inhibited. This effect may allow for the development of thresholdless lasers. 8 -10 A number of experiments with one-photon excitation of dyes incorporated into ordered 11 -13 and disordered 14 photonic structures, which act as lasing materials, have been undertaken. In the case of ordered structures, the range of order associated with the crystal building blocks and the refractive index determine the optical properties of these structures. Currently, polystyrene particles are the building blocks with the highest refractive index, ϳ1.6, permitting the production of photonic crystals with long-range particle order. Although the scattering properties of the crystals are still weak, they are suff iciently strong to allow us to observe the inf luence of the crystals on two-photon emission.
In this Letter we report experimental results of the modif ication of two-photon excited, upconverted emission spectra from a highly eff icient dye incorporated into photonic crystals that exhibit stopgaps ranging in size from 1% to 3% of the gap center frequency. The photonic crystals were fabricated from polystyrene spheres with a diameter of 200 nm and then infiltrated with dye. Coumarin 503 dye was chosen for the infiltration because the emission spectrum of this dye fits into the stopgap of the transmission spectrum of the polystyrene photonic crystal and because its highf luorescence quantum efficiency [0.84 (Ref. 15 )] leads to mostly radiative decay.
The method introduced by Park and Xia 16 was applied for the crystallization of polystyrene nanoparticles. The transmission spectra of photonic structures were measured with the aid of a Biorad MRC-1024 confocal scanning microscope mounted upon a Nikon Eclipse-800 upright microscope. The side output port of the microscope was connected to a spectrometer (HoloSpec, Kaisar Optical Systems, Inc.) with a multimode f iber. The white light was focused upon the surface of the sample, and the transmitted light was collected by a Nikon Plan 103 objective with a N.A. of 0.25. We observed the central wavelengths of the stopgaps at ϳ500 and ϳ525 nm for polystyrenemethanol and polystyrene -dimethyl sulfoxide (DMSO) crystals, respectively ( Fig. 1 ). Sharp attenuation with transmission larger than 80% outside the gap suggests long-range particle order in the crystals. The photonic band structure of the polystyrene-methanol crystal is shown in Fig. 2 . Scanning-electron microscope images of a dried sample (not shown) conf irmed the long-range particle order in the crystals and the fact that polystyrene particles crystallize into an fcc structure with the (111) face parallel to the surface. We illuminated the surface with light at normal incidence. Because the refractive-index contrast is small, the stopgap position is accurately approximated by the Bragg equation 16 l 111 2n eff d 111 ,
where d 111 is the spacing between (111) planes in the fcc crystal and n eff lim k!0 ͑ck͞v͒ is the effective refractive index obtained by considering the long-wavelength limit of photon dispersion relation v͑k͒ and where c is the speed of light. The refractive indices of polystyrene, methanol, and DMSO are n pol 1.6, n meth 1.33, and n DMSO 1.48, respectively. There was good agreement between the theoretical calculations of the position of the stopgap (501.8 nm) and experimental results (498 nm) for the polystyrene -methanol photonic crystal. Similar calculations performed for the polystyrene -DMSO structure showed a difference of 10 nm between the theoretical and the experimental results, which were 515 and 525 nm, respectively. The reason why the gap was shifted does not seem to have had any inf luence on our two-photon experiments because the particles were still well ordered.
Photonic crystals with the range of order similar to those whose transmission spectra are presented in Fig. 1 were used in our two-photon experiments. After the polystyrene particles had been assembled during fabrication, the sample was infiltrated with Coumarin 503 dissolved in methanol or in DMSO. The concentrations of Coumarin 503 in methanol and in DMSO were 2.9 3 10 22 and 11.77 3 10 22 M, respectively. Then the sample was illuminated with laser light (described below) and the two-photon excited upconverted emission spectrum was measured.
We obtained two-photon excited f luorescence spectra of the dye in a photonic crystal by exciting the dye with a mode-locked Ti:sapphire laser at a wavelength of 800 nm (80 fs). The direction of the laser light was perpendicular to the surface of the sample. We collected spectra in the ref lection mode (Nikon Plan 103 objective). Laser light with a power of ϳ20 mW was focused onto the sample. The diameter of the focal spot size was ϳ5 mm. Because the scanning-electron microscope images of the crystal surface indicated that the crystal domains extended over an area of at least a few hundred square micrometers, it was possible to confine the focused spot to a single crystal domain.
For two-photon excited emission spectra of Coumarin 503 in our structure we noticed that, besides filter effects similar to those reported for transmission of external plane waves, 13 ,17 a sharp maximum can also appear (Fig. 3) . Although the concentration of solvated dye molecules was relatively high, we did not observe any changes in spectral shape attributable to the dipole-dipole transfer of excitation. The emission spectrum of the dye solution, without a photonic crystal, overlapped well with the rescaled spectrum taken for the solution with a 100-times lower dye concentration. In both spectra the sharp maximum did not appear. The maximum seems to be a result of amplif ication of light inside the photonic crystal. The position of the sharp maximum depends on the position of the stopgap. Outside the stopgap the shapes of the emission spectra from Coumarin 503 were similar for the polystyrene -methanol and polystyrene -DMSO structures (Fig. 3) . Both spectra also overlapped with the rescaled reference spectra outside the stop-gap region. The reference spectrum was measured for Coumarin 503 placed in a cell with the same thickness as the polystyrene structure ͑8 mm͒.
In our experiment, in contrast to those presented in other reports, 12,13 the attenuation and amplif ication of light in emission spectra exist simultaneously. To check the position of the maximum with respect to the stopgap more precisely, we performed the following experiment: before the two-photon excited upconverted emission spectrum of Coumarin 503 was measured, the transmission spectrum of exactly the same region of Fig. 2 . Band structure of a polystyrene -methanol (n eff 1.529; stopgap, 2.96%) photonic crystal. Filling factor, 74%. a is the lattice constant. Fig. 3 . Two-photon excited upconverted emission spectra of Coumarin 503 in polystyrene-methanol and polystyrene-DMSO photonic structures. Fig. 4 . A, Two-photon excited emission spectra and B, linear transmission spectrum measured at the same spot in polystyrene-Coumarin 503 in a methanol photonic crystal.
the sample was recorded. The results of that experiment are shown in Fig. 4 . The amplification in the two-photon emission spectra appeared at the edge of the attenuation in the transmission spectra of external plane waves. This means that the amplif ication of two-photon excited upconverted emission took place at the edge of the (1,1,1) stopgap.
In our case, the threshold for laser emission was not yet reached, as the magnitude of the maximum was relatively small. However, the inf luence of the photonic stopgap on the emission spectrum is noticeable because the maximum did not appear in the reference spectrum. It is exciting to see that, even with the current refractive-index contrast, the amplif ication of two-photon emission was observed. Therefore more dramatic enhancements may be expected in more strongly scattering photonic crystals. 18 Although the lasing threshold was not reached, it is useful to think of our results in terms of distributed feedback in three-dimensional structures. Conditions for the propagation of electromagnetic waves in a periodic medium with absorption and gain in onedimensional distributed-feedback lasers were reported by Kogelnik and Shank. 19 The positive feedback in these structures appears to be due to elastic Bragg scattering.
In our structure the feedback was realized as a result of coupling between the incident f ield and the counterpropagating wave created by Bragg ref lection from the (111) crystal planes. However, in our case, in contrast with the Kogelnik -Shank theory, 19 there was only one significant maximum. The presence of only one maximum in an emission spectrum can be due to the gain characteristics of the dye medium. Alternatively, maxima in the emission spectra can appear as a result of the enhanced f luorescence that is predicted to occur near the photonic band edge 20 or can arise from defects in a photonic crystal.
In conclusion, we have demonstrated the inf luence of well-ordered photonic crystals on the two-photon excited upconverted emission of highly efficient nonlinear dye. Attenuation and an enhancementlike maximum in the emission spectrum were observed. The attenuation can be understood as a pure filter effect in a way similar to that of the transmission spectrum. The maximum can be interpreted in terms of a distributed-feedback mechanism that appeared as a result of elastic Bragg scattering at the stopgap's edge. Our results suggest that low-threshold upconverted lasing may be attained near the band edges of strongly scattering photonic crystals in which the corresponding feedback effects are much stronger than in other crystals.
